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Fig. 1. Development of DUGKS in the field of multiscale particle transport/™ covers gas moleculesl”, phonons®, electrons!?’),
photons!'% and plasmal'®l etc: (a) Rarefied hypersonic flow(19%1%3] where both position and momentum space are discretized using
unstructured meshes; (b) thermal conduction in electronic devices!'"*1%: transient temperature and heat flux distribution;
(c) plasma transport: distribution of nonequilibrium distribution functions in position and momentum space; (d) radiative trans-

port!1%%; (e) incompressible low-speed seepage flow!!%%: temperature distribution and velocity streamlines; (f) compressible decaying

turbulencel%7): isosurfaces of the vorticity modu-lus/vorticity root mean square equals 2 at the same time.
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Fig. 3. Commonly used phonon BTE models or approximations!

29,41,47,123,126

|, the difference between non-gray and gray models lies in

whether the phonon dispersion relation or frequency dependence is considered. Momentum space: anisotropic or isotropic; equilibri-

um distribution: using nonlinear Bose-Einstein equilibrium distribution or introducing specific heat for linear approximation.
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Fig. 4. The proportion of phonon modes with different
mean free paths in silicon materials at room temperature,
where the phonon physical properties are obtained by first-
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Fig. 5. DUGKS reconstructs the distribution function along
the characteristic line direction at the cell interface in the

finite volume framework[2!:78,98,100.131]
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Fig. 6. Multiscale particle transport simulation pro-
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cessing. Pre-processing: Both momentum space and posi-
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meshes, etc. Input parameters such as relaxation time and
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ciples calculations, experiments, or empirical formulas;
DUGKS solver: The evolution of the distribution function
in time and position space; Post-processing: Macro-scopic
quantities are obtained by taking the moments of the distri-
bution function and calculating related effective parameters,

not limited to classical macroscopic constitutive relations.
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SPECIAL TOPIC—Heat conduction and its related interdisciplinary areas

Discrete unified gas kinetic scheme and its application
in multi-scale heat conduction”
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2) (Institute of Interdisciplinary Research for Mathematics and Applied Science, School of Mathematics and Statistics,
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Abstract

Multiscale particle transport problems are universally existent in the fields of precision manufacturing,
nanomaterials, energy and power, national defense and military. Such issues involve large-scale length and time
scales, posing great challenges to physical modeling and numerical simulation. In order to study multiscale
particle transport problems, cross-scale numerical simulation based on the Boltzmann transport equation has
become an effective method. However the nonlinear, multi-scale, and high-dimensional characteristics of the
equation pose significant challenges to the stability, compatibility, computational efficiency/accuracy, and
asymptotic preserving property of numerical methods. In recent years, many multiscale kinetic methods
applicable to any Knudsen numbers have been developed, and one of them is the discrete unified gas kinetic
scheme. Unlike the traditional direct numerical interpolation scheme, the discrete unified gas kinetic scheme
reconstructs the distribution function at the cell interface through the characteristic solution of the kinetic
equation in both time and position space, thereby coupling, accumulating, and calculating particle transport
and collision effects on a numerical time step scale. Based on the idea of incorporating the evolution of physical
equations into the construction process of numerical methods, the cell size and time step of this method are no
longer limited by the mean free path and relaxation time of particles, therefore, the multiscale particle transport
problems from the ballistic to diffusive limit can be adaptively and efficiently simulated. A large number of
numerical results show that the present scheme has good numerical stability and low numerical dissipation, and
it is not limited by the Knudsen number or Mach number. Based on the framework of the finite volume
method, this method has been successfully applied to micro/nano scale fluid flow and heat transfer, hypersonic
aircraft flows, solid-material thermal conduction, radiation, plasma, and turbulence. This paper mainly reviews
the method and discusses its future prospects in the field of multi-scale heat conduction in solid materials,
including applications in phonon transport, electron-phonon coupling, phonon hydrodynamic heat conduction,

and thermal management of electronic equipment.

Keywords: multiscale particle transport, Boltzmann transport equation, mesoscopic numerical methods,

discrete unified gas kinetic scheme, heat conduction
PACS: 47.11.St, 05.20.Dd, 44.10.+i, 63.20.—e DOI: 10.7498 /aps.74.20250694

CSTR: 32037.14.aps.74.20250694

* Project supported by the Interdisciplinary Research Support Program of Huazhong University of Science and Technology,
China (Grant No. 2023JCYJ002).

1 Corresponding author. E-mail: zlguo@hust.edu.cn

174702-15


http://doi.org/10.7498/aps.74.20250694
https://cstr.cn/32037.14.aps.74.20250694
mailto:zlguo@hust.edu.cn
mailto:zlguo@hust.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

BERG—SAEER AL RESHMNA
kol IR

Discrete unified gas kinetic scheme and its application in multi-scale heat conduction
ZHANG Chuang  GUO Zhaoli

5] Fi{ &, Citation: Acta Physica Sinica, 74, 174702 (2025) DOI: 10.7498/aps.74.20250694
CSTR: 32037.14.aps.74.20250694

TELR L View online: https://doi.org/10.7498/aps.74.20250694

A ZE View table of contents: http://wulixb.iphy.ac.cn

AT ARG HAh SCEE

Articles you may be interested in

7L i R K S s A A U R P P R — A B B A AN
Discrete unified gas kinetic simulation of characteristics of variable temperature wall driven thermal creep flow in cavity

WFEEEAR. 2025, 74(4): 044702 hitps:/doi.org/10.7498/aps.74.20241334

#E Frenkel-Kontorova SUiE A% I fife S (ARG &

Lattice wave solution and its dispersion relation of two coupled Frenkel-Kontorova chains

YIBR2A4R. 2022, 71(15): 154401  hitps:/doi.org/10.7498/aps.71.20212362

FRAAAAE FIRRALREARAE TR 1 2353 1 2 F 52

Molecular dynamics study of thermal conductivity of carbon nanotubes and silicon carbide nanotubes

YIBR2A 4. 2022, 71(3): 030202  https://doi.org/10.7498/aps.71.20210969

BT E TP e T SRR AL SR

Research progress of heat transport in trapped—ion crystals

YIBR2A 4. 2024, 73(3): 033701  https://doi.org/10.7498/aps.73.20231719

SFE TR PROCRERDIBUR R, BT e S R B BRI 5 —

Unified derivation of laser energy deposition coefficient, electron thermal conduction coefficient and resistivity in plasma

WIBEAEAR. 2025, 74(12): 125201 https://doi.org/10.7498/aps.74.20250340

B Boltzmann 7 R AR BTG BRAKFRY

Solution of the discrete Boltzmann equation: Based on the finite volume method

WAL 2024, 73(11): 110504 https://doi.ore/10.7498/aps.73.20231984


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.74.20250694
http://wulixb.iphy.ac.cn
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.74.20241334
https://doi.org/10.7498/aps.74.20241334
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.71.20212362
https://doi.org/10.7498/aps.71.20212362
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.71.20210969
https://doi.org/10.7498/aps.71.20210969
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20231719
https://doi.org/10.7498/aps.73.20231719
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.74.20250340
https://doi.org/10.7498/aps.74.20250340
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20231984
https://doi.org/10.7498/aps.73.20231984

	1 引　言
	2 离散统一气体动理学格式DUGKS
	3 DUGKS多尺度导热应用
	3.1 方法拓展与导热应用
	3.2 热涡、声子湍流与热波涟漪

	4 总结与展望
	参考文献

